The quest for anti-Hofmeister sensing materials with high selectivity for given anions is an expanding research area in anion-selective electrodes. Recently, electrodes using PVC membranes doped with organometallic compounds and metalligand complexes showed potentiometric selectivity patterns, which are different from the Hofmeister sequences. For true anion-selective electrodes, a strong interaction between the ionophore and anion is required, in order to complex the anion in a selective fashion. Complexes of several metal ions with different ligands such as phthalocyanines, [1] [2] [3] [4] porphyrins, [5] [6] [7] metallocenes and Schiff bases 8 have been shown to possess such high specific metal-ligand interactions, which induce anion selectivity in membranes that are somewhat different from the classical anion exchangers. The potentiometric response of the membranes doped with these complexes is believed to be based on the coordination of analyte anions as axial ligands to the metal center of the carrier molecule. Due to the importance of iodide in many biological systems, 9 varieties of ionophores have been used in the preparation of iodide ion-selective electrodes. These iodide ion-carriers include Schiff-base complexes of Co(II), 8 n-thiocarbamoylimine-ditioether derivatives, 10 porphyrins, 11 silver(I)-thiourea complexes, 12 nickel(II)-tetraazaannulene macrocyclic complex, 13 and transition metal chelates of bis(furfural-semi-otolidine). 14 In this paper, we report on the use of cerium-salen (Ce-N,Nbis(salicylidine-1,2-ethylenediamine), CS) ( Fig. 1) as a new excellent ionophore in construction of a highly selective iodide membrane electrode.
Experimental

Reagents
Reagent-grade dibutyl phthalate (DBP), benzyl acetate (BA), acetophenone (AP), o-nitrophenyl octyl ether (NPOE), hexadecyltrimethyl-ammonium bromide (HTAB), oleic acid (OA), tetrahydrofuran (THF) and high relative molecular weight PVC were purchased from Aldrich Chemical Company and used as received. Potassium salts of all anions used (all from Merck) were of the highest purity available and were used without any further purification except for vacuum drying over P2O5. Cerium-salen (CS) was synthesized and purified as described elsewhere. 15 Triply distilled deionized water was used throughout.
Electrode preparation and potential measurements
The general procedure to prepare the PVC membrane was to thoroughly mix 30 mg of powdered PVC, 3 mg of ionophore (CS), 2 mg of cationic additive HTAB and 65 mg of plasticizer (DBP). Then the mixture was dissolved in 3 cm 3 of dry THF. The resulting clear mixture was evaporated slowly until an oily concentrated mixture was obtained. A Pyrex tube (5 mm o.d.) [17] [18] [19] [20] [21] [22] was dipped into the mixture for about 10 s so that a nontransparent membrane of about 0.3 mm thickness is formed. The tube was then pulled out from the mixture and kept at room temperature for about 1 h. The tube was then filled with an internal solution (1.0 × 10 -3 M KI). The electrode was finally conditioned for 6 h by soaking in a 1.0 × 10 -2 M KI solution. A silver/silver chloride electrode was used as an internal reference electrode. All emf measurements were carried out with the following assembly:
A Corning ion analyzer 250 pH meter was used for the potential measurements at 25.0 ± 0.1˚C. The emf observations were made relative to a double-junction saturated calomel electrode (SCE, Philips) with the chamber filled with an ammonium nitrate solution. The activities were calculated according to the Debye-Hückel procedure. 16 
Results and Discussion
In preliminary experiments, the absorption spectra for different anions in acetonitrile were recorded before and after shaking them with a 10 -4 M of cerium-salen solution. Results showed that, in all cases except iodine, no detectable change in the UV/Vis spectra was observed. However, it was possible to distinguish the interaction between iodide ion and the central metal by a substantial increase in absorbance at 241.6 nm after mixing of the iodide solution and the ionophore (Fig. 2) . The results suggested that the anti-Hofmeister behavior of the sensor can be explained by the observed specific interaction of iodide with the cerium-salen used, and revealed that CS could be used as a highly selective ionophore for the preparation of an iodide ion-selective electrode.
Since the sensitivities and selectivities obtained for a given ionophore depend significantly on the membrane ingredients and on the nature of the solvent mediators and additives used, [18] [19] [20] [21] [22] [23] [24] we investigated the influence of membrane composition on the potential response of the iodide sensor. The results are summarized in Table 1 . It is seen that the increased amount of ionophore, up to a value of 3%, results in the best sensitivity, although the slope of the emf versus log concentration plot in this case is about one-half of the expected Nernstian value. However, addition of 2% of HTAB will increase the sensitivity of the electrode response considerably, so that the membrane electrode demonstrates a near-Nernstian behavior (No. 5).
Among the four different plasticizers used (i.e., AP, BA, DBP and NPOE), DBP (No. 5) revealed the best sensitivity for the proposed sensor. As is obvious from Table 1 , the membrane number 5 with a PVC:DBP:HTAB:CS percent ratio of 30:65:2:3 exhibits the best sensitivity over a wide concentration range (1.0 × 10 -2 -8.0 × 10 -6 M) with a near-Nernstian response of 57.5 mV per decade (Fig. 3) .
The concentration of the internal solution KI in the electrode was changed from 1.0 × 10 -3 to 1.0 × 10 -5 M and the potential responses of the iodide selective electrode were obtained. It was found that the variation of concentration of the internal solution does not cause any significant difference in the potential response, except for an expected change in the intercept of the resulting plots. Thus, a 1.0 × 10 -3 M KI solution was found quite appropriate for smooth functioning of the electrode system. response of the iodide sensor was tested at 1.0 × 10 -3 , 1.0 × 10 -4 and 1.0 × 10 -5 M concentrations of iodide over a pH range of 2.0 -13.0; the results are shown in Fig. 4 . As seen, the potential remains constant in the pH range of 3.0 -11.0, beyond which a drift was observed. The observed drift at higher pH values could be due to the simultaneous response of the sensor to Iand OH -ions. On the other hand, the potential increased at lower pH values, indicating that the membrane sensor responds to hydrogen ions.
The optimum response of the electrode was tested after conditioning for different periods of time in a 1.0 × 10 -2 M KI solution. The slope obtained after 12 h conditioning was very close to the theoretical slope expected on the basis of the Nernstian equation. After this time, the electrode shows a quite stable linear response over a wide concentration range of 5.0 × 10 -2 -8.0 × 10 -6 M with a detection limit of 6.0 × 10 -6 M of iodide. It is interesting to note that, in many cases, the limit of detection of the ion-selective electrodes can be significantly improved by coating a graphite electrode with the membranes used. [25] [26] [27] Dynamic response time is an important factor for an iodideselective electrode. In this study, the practical response time was recorded by changing the sample solution with different iodide concentrations. The measurement sequence was from the lower (1.0 × 10 -5 M) to the higher (1.0 × 10 -2 M) concentrations. The actual potential versus time trace is shown in Fig. 5 . As can be seen, the electrode reaches the equilibrium response in a very short time of about 7 s. To evaluate the reversibility of the electrode, a similar procedure in the opposite direction was adopted. The measurements were performed in the sequence of high-to-low (from 1.0 × 10 -2 to 1.0 × 10 3 M) sample concentrations and the results are shown in Fig. 6 . Figure 6 shows that the potentiometric response of the electrode is reversible, although the times needed to reach equilibrium values were longer than that of low-to-high sample concentrations. 28 The detection system was very stable, and the calibration slope did not change over eight weeks. The standard deviation of 10 identical measurements was ± 0.5 mV at several concentrations of iodide ions.
The potentiometric selectivity coefficients, which reflected the relative response of the membrane sensor for the primary ion over other ions present in solution, are perhaps the most important characteristic of an ion-selective electrode. In this work, the potentiometric selectivity of common anions was investigated by the matched potential method (MPM). 29, 30 The results are summarized in Table 2 (except for SCN -with a K I,B Pot of 5.0 × 10 -3 ) indicating that they do not disturb the functioning of the iodide sensor.
A comparison between the response characteristics of the proposed electrode and those of the previously reported iodideselective electrodes (Table 3) revealed that, despite the relatively high detection limit of the proposed sensor, it is superior with respect to the selectivity coefficients and response time.
The proposed iodide membrane electrode was found to work well under laboratory conditions. It was successfully applied in potentiometric titration of iodide ions with silver nitrate, and the resulting titration curve is shown in Fig. 7 . As can be seen, the amount of iodide can be determined with the electrode.
